as a translation repressor of transcription of the MS2 replicase cistron. The A protein (or maturation protein) has been shown to be involved in attachment to the bacterial pilus, replication, RNA packing, and infectivity in vivo. The replicase and lysis proteins are involved in , 1986, 1990, 1991). From crystallographic analysis, the MS2 virion is thought to be comSmall-angle neutron scattering (SANS) has been used posed of 90 coat protein homo-dimers arranged in a to extend the structural characterization of the MS2 quasi-equivalent T ϭ 3 lattice to form the icosahedral phage by examining its physical characteristics in socapsid shell of the type described by Caspar and Klug lution. Specifically, the contrast variation technique (1962). In the capsid, coat protein dimers are thought was employed to determine the molecular weight of to adopt two possible noncovalent quasi-equivalent arthe individual components of the MS2 virion (protein rangements, A/B and C/C. The A and C subunits interact shell and genomic RNA) and the spatial relationship at the quasi 6-fold axes while the B-type subunits interof the genomic RNA to its protein shell. A consequence act at the 5-fold axes. Structurally, the primary differof this work was to evaluate a novel particle counting ence between these conformers lies in the position of instrument, the integrated virus detection system the FG loop region of the protein. ate a novel instrument, the integrated virus detection 1976). The MS2 coat protein is the primary structural system (IVDS). The IVDS instrument is not a traditional component of the MS2 protein shell. In addition to this particle counter of the type that is now being used for function, it binds to the MS2 operator site and acts virus or phage quantification. Rather, it is a specialized instrument that can accommodate the unique challenges associated with biological materials, such as *Correspondence: susan.krueger@nist.gov
small size (Ͻ100 nm) and complex surface area. The part because of the technical challenges associated with accurately determining particle concentration. Typ-IVDS instrument is able to reliably and rapidly present the biological material, without knowledge of any of its ically, particle number is measured by optical density (OD) in mg/ml using conventional spectrophotometry. physical parameters, to its detector so that the particles can be counted (Wick and McCubbin, 1999a, 1999b, Optical density measurements are possible only if the molar absorption coefficient of the sample is known. 1999c). In combination with SANS, the IVDS has the potential to provide rapid quantitative physical characThe molar absorption coefficient is a constant unique to the sample under study and assumes that the molecular terization of unidentified viruses and phage.
The total molecular weight of MS2 has been previously weight of the sample is known (Eisenberg, 1979 ). Therefore, for an unknown virus or phage, one must rely on determined by classical light scattering (3.6 ϫ 10 6 g/mol) and sedimentation velocity (3.87 ϫ 10 6 g/mol) (Overby technically challenging and labor intensive methods like quantitative electron microscopy for concentration deet al., 1966; Strauss and Sinsheimer, 1963) . However, limited information about the individual molecular weight termination if molecular weight determination by SANS is needed (Mazzone, 1998; Zheng et al., 1996) . For these of the MS2 phage components could be gleaned from these studies, in part because both classical light scatreasons, we have explored alternative methods for concentration determination that would permit the actual tering and sedimentation velocity only provide information about the total molecular weight of the MS2 virion particle number of any unknown virus to be determined directly so that the quantitative advantages of SANS (Mazzone, 1998).
The use of small-angle neutron scattering for the decan be more readily utilized. Since the total molecular weight of MS2 and its molar absorption coefficient has termination of molecular weight has been described in detail (Jacrot and Zaccai, 1981). In general, small-angle been previously determined, we can use SANS both to measure the concentration determination ability of the neutron scattering is a process where a neutron beam is passed through a sample and the resulting scattering IVDS instrument (compared with that of the conventional spectrophotometer) and to provide information about pattern reveals information about the average size, shape, and orientation of the sample (Krueger, 1998 ; the molecular weight of the MS2 protein shell and RNA separately under physiological conditions.
Svergun and Koch, 2002). The use of neutron scattering for structural analysis of biological macromolecules has a number of advantages. It is not sensitive to errors due
Results to contamination by dust particles, like classical light scattering, or to assumptions about the partial specific Two complete contrast variation series of measurevolume of the particles, like sedimentation gradient, and ments were performed on two different MS2 sample does not require the use of quantitative standards, like preparations. The SANS data for both series of measurequantitative electron microscopic techniques (Krueger, ments are shown, on an absolute scale, in Figure 1 . The 1998; Mazzone, 1998). Furthermore, neutron scattering data shown in Figure 1A are designated as experiment experiments do not cause radiation damage to the sam-1 and those in Figure 1B are designated as experiment ple and typical experiments can be performed under 2. Note that the data from experiment 1 have sharper physiological conditions in solution. Also, when the confeatures than those in experiment 2. Lower instrumental centration (or particle number) of the sample is known, resolution, polydispersity, and the presence of contamithen the molecular weight of the sample can be deternants can all wash out peaks in the SANS data. Since mined by SANS since the data are obtained on an absoboth sets of data were obtained under identical experilute scale (usually in cm Ϫ1 ). Similarly, if the total molecumental conditions, differences in data quality are unlar weight of the sample is known, then the concentration likely to be due to instrument resolution. It is possible of the particles in the sample can be determined (Mazthat the sample used in experiment 2 is somewhat more zone, 1998). A number of phage and viral molecular polydisperse or contains trace contaminants compared weights have been successfully determined by this to experiment 1. To determine if differences in the sammethod, such as Frog virus 3 (Cuillel et al., 1979), influple quality exist between experiment 1 and experiment enza (Cusack et al., 1985), pf1 phage (Torbet, 1979) , and 2, we examined both samples by SDS/polyacrylamide Semiliki Forest virus (Freeman and Leonard, 1981) .
denaturing gel electrophoresis. The results are shown SANS is a powerful tool for structural analysis but, in Figure 2 . Experiments 1 and 2 are labeled Figures 2A when combined with the contrast variation method, it and 2B respectively. The expected bands for the coat also permits additional structural information to be obprotein and A proteins are clearly visible and are labeled. tained about the individual components in a macromoBoth samples were purified under similar conditions and lecular complex. In the case of MS2, the contrast variaexperiments were conducted using similar concentration technique involves varying the solvent water to tions of phage (see Experimental Procedures and Table  deuterated water ratio so that structural information 3). However, experiment 2 has a number of additional about the protein and nucleic acid components can be protein bands not present in the experiment 1 sample. obtained separately (Krueger, 1998; Struhrmann and Although from this method we cannot distinguish beMiller, 1978).
tween the formation of pure denaturation resistant agFor practical purposes, small-angle neutron scattergregates (polydispersity) of the MS2 coat proteins at ing of biological materials is almost exclusively used for elevated concentrations and the existence of trace structural analysis of molecules in combination with a amounts of contaminating proteins in experiment 2, we variety of other techniques and not for the characterization of unknown viruses (Krueger, 1998 ). This is due in believe the additional bands are due to polydispersity Figure 4A and those for experiment 2 are resolution effects, is shown for the 100% D 2 O data of plotted in Figure 4B . The P(r) functions are normalized experiment 1 in Figure 3 . Table 1 shows that, in all cases, so that the peak value is equal to 1.0 in each case. The the outer radius of the shell, R2, consistently falls bemaximum distance, D max , in all cases was found to be tween the values of 134 and 144 Å . The (core) inner 300 Å , which is larger than 2 ϫ R2. By definition, D max radius, R1, falls between 110 and 118 Å , except for the is the distance at which P(r) goes to zero. Thus, D max 10% D 2 O buffer sample, which consistently shows a suggests a sharp boundary between the particle and its much smaller R1 value for both experiments. The RNA surroundings. Since the shape of the MS2 coat protein in the core scatters strongly in comparison with the region is actually icosahedral, this boundary is not sharp protein shell under these solvent conditions. Thus, at and the P(r) functions suggest that the particle does actually extend beyond 2 ϫ R2. However, the number of probable distances beyond 2 ϫ R2 drops sharply. For both experiments, the P(r) function for the 65% D 2 O sample is consistent with that of a hollow spherical shell. In this case, the peak of the distance distribution is at ‫002ف‬ Å , consistent with the fact that the most probable distances are occurring beyond 2 ϫ R1. In 65% D 2 O, the scattering length density of the RNA component of the complex is the same as that of the solvent. Thus, the scattering from the RNA is masked and only the scattering from the protein is observed. Therefore, the fact that MS2 most closely resembles a hollow sphere at this contrast is expected.
On the other hand, the peak of the distance distribution function occurs at values smaller than 2 ϫ R1 for the data obtained at the other contrasts. The scattering which is evident from the fact that the peak in P(r) is at component appears to be confined mostly within a radius of ‫38ف‬ Å . The peak of the RNA P(r) distribution is the smallest r values under these conditions. In other words, the RNA component is contributing more to the also around this value. These results agree very well with the R1 values from the core-shell model fits for the total scattering in 0% and 10% D 2 O, and this is reflected as a shift in the peak in P(r) to smaller r values. In 85% samples measured in 10% D 2 O for both experiment 1 and experiment 2 (see Table 1 and RNA components of MS2, the number density, n, Figure 5 for experiment 1. This process was also atmust be known. Both OD and IVDS methods were used tempted using the data from experiment 2. However, to obtain this information for the data in experiment 1. the results were much noisier, probably owing to the For the experiment 2 data, only the OD method was poorer quality of the data relative to the data obtained used. The results for each contrast are shown in Table in experiment 1. The results for experiment 1 show that, 3. It happens that the total MW for MS2 determined while D max for the protein shell remains at 300 Å , D max for using the OD method has been measured by a number the RNA core was found to be 165 Å . Thus, the RNA of techniques (see Table 5 ) and is fairly well established. Recall that if the MW, and thus the molar coefficient, is already known, then the OD method is an accurate way to determine the concentration, and thus the number density, of MS2 particles in the samples. The important Table 2 and number density (n) values from Table 3. anion, spermidine, is selectively sequestered in the cap- to confirm that it is indeed compact in vivo.
SDS/Polyacrylamide Gel Electrophoresis Experimental Procedures
SDS/polyacrylamide gel electrophoresis was performed according to the method of Laemmli (1970). Commercially available precast Bacteriophage, Hosts, and Medium 18% SDS polyacrylamide gels (Tris-glycine gels) for the Novex gel MS2 bacteriophage strain 15597-B1 and its Escherichia coli (E. coli) apparatus system were purchased from Invitrogen (Carlsbad, CA) host 15597 were purchased from the American Type Culture Center and used according to the manufacturer's instructions. The Tris-(Manassas, Va.). E. coli strain 15597 was grown on MS2 broth. MS2 glycine SDS-PAGE running buffer and sample buffers were either broth contains, per liter, 10 g tryptone, 8 g NaCl, and 1 g Bactopurchased from Invitrogen (Carlsbad, CA) or made according to the yeast. After autoclaving, 10 ml of sterile 10% glucose, 2 ml of 1 manufacturer's instructions. Samples were diluted by 50% (v/v) in mol/l (M) CaCl 2 , and 10 mg/ml of thiamine hydrochloride were added 2ϫ Tris-glycine sample buffer, incubated at 85ЊC for 2 min, and then per liter (Davis and Sinsheimer, 1963) . MS2 was stored in Tris-saltdirectly loaded on gels. Electrophoresis was carried out for 2-3 hr magnesium (TSM) buffer unless otherwise stated. TSM buffer conat 30-40 mA/gel. The gels were stained in Brilliant blue R solution tains 10 mM Tris (ph 7.0), 100 mM NaCl, and 1 mM MgCl 2 .
( Number Density Determinations Number density determinations were made using two methods. (1) is the scattering angle. Sample-to-detector distances of 12 and 2.5 m were used in order to cover the range 0.005 Å Ϫ1 Յ Q Յ The concentration was measured by optical density (OD) using a conventional spectrophotometer and then the number density was 0.17 Å Ϫ1 . The scattered intensities from the samples were then further corrected for buffer scattering and incoherent scattering from estimated using this information, and (2) the number density was obtained directly using the IVDS, which is a particle counting hydrogen in the samples. method. Measurements were obtained both before dialysis and after dialysis and subsequent SANS experiments. However, only the mea-SANS Data Analysis surements taken after dialysis are used and reported here. The Guinier approximation, I(Q) ϭ I (0) where ⑀ is the molar coefficient and L is the pathlength of the light, Since MS2 can be approximated very well by a spherical shell at to calculate the concentration (Eisenberg, 1979) . Since the molar the resolution level of the SANS measurements, the data were also coefficient is also dependent upon the total MW of the particle, this fit to a core-shell sphere model (Guinier and Fournet, 1955) in order method of determining the number density is only useful if the total to obtain the radius of the protein shell and RNA core. The neutron MW of the particle is known (Eisenberg, 1979) . Samples concentrascattering length density of the RNA core was an additional fitting tions were measured in duplicate using a Hewlett-Packard model parameter that allowed the amount of water, versus RNA, in the 8450A spectrophotometer. The spectrophotometer was calibrated core to be calculated using the relation using NIST transmittance and wavelength Standard Reference Material numbers 930, 2031, and 2034.
The IVDS was used to determine MS2 particle number directly. IVDS is a bipartite instrument consisting of (1) an ultra-filtration where X is the fraction of RNA in the core, CORE is the fitted scattering unit for use in the purification and/or concentration of materials length density of the core portion of the core-shell model, and RNA for analysis and (2) a gas-phase electrophoretic mobility analyzer and SOLVENT are the known scattering length densities of the RNA (GEMMA) detector for particle counting and sizing measurements and the solvent, respectively. The core-shell model fits take into (Wick and McCubbin, 1999a). The ultra-filtration unit has been preaccount the resolution function of the SANS instruments.
viously described (Wick and McCubbin, 1999a) and was not used The scattered intensities from the MS2 protein/RNA complex were for these experiments. This work utilized the GEMMA detector sysdecomposed into the scattering from their components, I PROT (Q) and tem only. The GEMMA detector consists of an electro spray that I RNA (Q), using the equation sprays the sample into the detector, a differential mobility analyzer to separate the sample by size and a condensation particle counter I(Q) ϭ ⌬ PROT 2 I PROT (Q) ϩ ⌬ PROT ⌬ RNA I PROTRNA (Q) ϩ RNA 2 I RNA (Q), (2) for particle counting. These components are in a single module. The complete IVDS instrument has been previously described in detail where ⌬ ϭ ( Ϫ s ) is the contrast, or the difference between the and was originally designed to detect, quantify, and size viruses in scattering length density of the molecule () and the solvent ( 
